The water analogue provides a visual model of the process of anaesthetic exchange. In the standard version, a single pipe connects the mouth container to the lung container and the conductance of this mouth-lung pipe is proportional to alveolar ventilation. This implies that inspired and expired ventilations are equal. In fact, with high inspired concentrations of nitrous oxide, early rapid uptake of gas by solution leads to a substantial difference between inspired and expired ventilation which in turn leads to concentration and second-gas effects. It is shown that by representing inspired and expired ventilations separately, and keeping one of them constant while varying the other to compensate for rapid uptake, concentration and second-gas effects are reproduced in the water analogue. Other means of reproducing the effects are reported but we believe that the first method is the most realistic and the most appropriate for teaching. (Br.
It is obvious that, in general, the greater the inspired concentration of an inhaled anaesthetic the more rapid the induction. However, even the approach of the alveolar concentration towards the inspired concentration is more rapid at high inspired concentrations than at low. This has been termed the "concentration effect". [1] [2] [3] Also, when an anaesthetic agent is used at a low concentration (e.g. isoflurane), its alveolar concentration increases more rapidly when the carrier gas contains a high concentration of an anaesthetic which is itself subject to the concentration effect. This has been termed the "second-gas effect". 4 These effects are well known but poorly understood. Most explanations are based on Stoelting and Eger's rectangle diagram. 5 A previous review 6 pointed out some deficiencies in these explanations and showed how these could be overcome by an improved rectangle diagram. This article explores how these effects can be explained in terms of the water analogue.
Methods

THE BASIC WATER ANALOGUE AND ITS DEFICIENCIES
The basic form of the water analogue of the uptake and distribution of inhaled anaesthetics is illustrated in figure 1 for nitrous oxide. Full accounts of this basic form are available [7] [8] [9] but briefly, the nature of the analogy is as follows. The water represents the anaesthetic itself-ml of water corresponding to, say, mmol of anaesthetic. The constant head of water in the overflowing "mouth" container represents a constant inspired concentration-mm head of water corresponding to, say, percent concentration. The water level in the lung container represents the concentration in that compartment and the level in each tissue container represents the gas-phase concentration with which that tissue is or would be in equilibrium. Alternatively, the water levels can all be interpreted as partial pressures, so that each level The basic form of the water analogue of the uptake and distribution of an inhaled anaesthetic, scaled to represent a 70-kg patient 19 being anaesthetized with nitrous oxide; alveolar ventilation and cardiac output are 4 litre min 91 and 5 litre min 91 , respectively; FRC:2 litre. The width of each pipe corresponds to the transporting ability of the alveolar ventilation (mouth-lung pipe) or blood flow (lung-tissue pipes) for the agent 14 20 ; the cross-sectional area of each container is proportional to the specific storage capacity of the tissue group for the particular agent (amount stored per unit partial pressure). Therefore, the width of each container is proportional to the square root of its specific storage capacity. Accordingly, to give the right visual impression, the widths of the pipes (which are all the same length) have been made proportional to the square root of their transporting abilities. (For a working water analogue, the fourth root would be required.) The constant head of water in the overflowing mouth container represents a constant inspired concentration and hence a constant inspired partial pressure. The water levels in the lung and tissue containers represent the concentrations or partial pressures in those compartments as fractions of that inspired concentration or partial pressure. (For the tissues, concentration must be taken to mean the gas-phase concentration with which the tissue is or would be in equilibrium.) Water levels were calculated by a computer model 9 adapted to match this basic form of the water analogue, that is without allowing for the concentration effect, to illustrate conditions after 1 min administration of nitrous oxide.
pressure as a fraction of the inspired partial pressure. (All the containers have been made the same height so that those fractions and their differences are readily apparent.) The cross-sectional areas of the containers represent the specific storage capacities of the compartments for the anaesthetic (i.e. the amount stored per unit partial pressure, for example mmol of anaesthetic per atmosphere partial pressure in the compartment). The total amount of anaesthetic present in the compartment at any time is equal to the specific storage capacity multiplied by the partial pressure there at that time. The pipe between the mouth and lung containers represents alveolar ventilation; the pipes between the lung container and the tissue containers represent blood flow to each group of tissues. (More precisely, these pipes, which are all the same length, represent the transporting abilities of ventilation and blood flows for the particular anaesthetic, for example mmol per min of anaesthetic per atmosphere partial pressure difference from mouth to lungs or from lungs to tissues.) Movement of water between containers occurs in response to pressure differences which exist until equilibrium is reached.
When the tap on the mouth-lung pipe is first opened, water flows from the mouth container, through the pipe to the lung container where the water level begins to rise; correspondingly, when the vaporizer is turned on, or when nitrous oxide is added to the inspired mixture, anaesthetic is conducted by alveolar ventilation to the lungs where the concentration of anaesthetic begins to rise. As the water level in the lung container rises, water is conducted by the connecting pipes to all tissue containers where the water levels also begin to rise; correspondingly, as the concentration of anaesthetic in the alveoli rises, anaesthetic dissolves in blood flowing through the lungs and is transported to all tissues where concentrations begin to rise. Eventually, the water levels come into equilibrium with that in the mouth container; that is, neglecting metabolism and any loss through skin or operation wound, all tissue concentrations come into equilibrium with the inspired concentration (if that is held constant for long enough) and all partial pressures become the same as the inspired partial pressure. Anaesthesia is induced when a certain threshold partial pressure is exceeded in the brain, represented here as a component of the viscera compartment.
In principle, the water analogue could be used for quantitative computation. However, its main justification is the facilitation of "thought experiments", whereby altering features of the analogue to match assumed changes in administration of an anaesthetic, or changes in the patient, can be seen to produce changes in the rates of uptake and in concentrations which correspond qualitatively to what happens in reality. Used in this way, the water analogue can explain a large number of clinically observed phenomena. 8 9 However, it has a deficiency. According to the theory of the basic water analogue, 7 an increase from 1% to 70% inspired concentration can be achieved without making any changes to the containers and pipes of the analogue: it is sufficient to assume that the height of the mouth container now represents 70 times the concentration that it did before, provided that each ml per min flow of water is also assumed to represent 70 times the rate of uptake of nitrous oxide as previously. These assumptions obviously have no effect on the speed of equilibration of water in the analogue. Therefore, the basic water analogue suggests that the time to reach equilibrium, or any given degree of equilibrium, is independent of the inspired concentration; this is contrary to the concentration effect.
THE REASON FOR THE DEFICIENCY IN THE BASIC WATER
ANALOGUE
The reason for this deficiency is as follows. There are two aspects to the uptake of anaesthetic by solution in blood flowing through the lungs: one aspect is removal of molecules of anaesthetic from the lungs, and this is faithfully represented by the water analogue-ml per min of water flowing out of the lung container corresponding to, for example mmol per min of anaesthetic dissolving in blood flow. The other aspect is removal of gas volume from the lungs. When the inspired concentration is only a few percent, the volume removed by solution is only a few ml per min but, with 70% nitrous oxide, it can increase rapidly to a peak rate of approximately 1 litre min
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. [10] [11] [12] It is this rapid removal of gas by solution that results in concentration and second-gas effects.
One possible consequence of the rapid volume uptake is a decrease in functional residual capacity (FRC). However, any such decrease amounts to only a few hundred millilitres. 6 13 If we neglect this small amount, then instead of the inspired and expired ventilations being approximately equal as in normal respiration, the expired ventilation is substantially less than the inspired ventilation, either by the expired ventilation decreasing or by the inspired ventilation increasing, or a combination of the two.
In the water analogue, the flow of water through the mouth-lung pipe is equal to (F I -F A ) V A , where F I is the head of water in the mouth container (the pressure at its base), F A is the head of water in the lung container, and V A is the conductance of the connecting pipe. (Conductance is flow per unit pressure differencethe reciprocal of resistance.) This therefore represents the rate of uptake of anaesthetic from mouth to lungs where F I and F A are now the inspired and alveolar concentrations and V A is alveolar ventilation.
Note that the net rate of uptake (F I -F A ) V A is the difference: flow of anaesthetic into the lungs in inspiration, F I V A , minus flow out in expiration, F 1 V A . (Deadspace ventilation can be ignored because it goes into and out of the lungs without any change in its anaesthetic content.)
Similarly, the flow of water through, for instance, the lung-muscle pipe is equal to (F a -F m )
Q m , where F a and F m are the heads of water in the lung and muscle containers and Q m is the conductance of the connecting pipe. This therefore represents the rate of uptake of anaesthetic from lung to muscle where F a is the gas-phase concentration with which arterial blood is in equilibrium (assumed to be the alveolar concentration), F m is the concentration with which the venous blood leaving the muscle would be in equilibrium (assumed to be the same as that for the muscle itself), is the blood/gas partition coefficient, and Q m is the flow of blood through the muscle tissues. Here the net rate of uptake (F a -F m )
Q m is the difference between the flow of anaesthetic from lung to muscle in arterial blood, F a Q m , minus the return of anaesthetic from muscle to lung in venous blood, F m Q m . This method of representing uptake, into the lungs and then into the tissues, is adequate for blood because the flow of blood to a tissue is essentially equal to the return flow from the tissue. On the other hand, for alveolar ventilation, the approach is inadequate because the inspired alveolar ventilation is not equal to the expired, except when the volume rate of uptake from lungs to tissues is negligible.
OVERCOMING THE DEFICIENCY
It is possible to elaborate the basic water analogue to show the inspired and expired alveolar ventilations separately ( fig. 2) . The mouth container and attached pipe are now separated from the lung container and raised above it. The height of water in the mouth container still represents the inspired concentration, F I , but the pipe leading from it now represents only the inspired alveolar ventilation, V AI . There is no back pressure at the right-hand end of the pipe so, when the tap is opened, the flow through it is F I V AI and this enters the lung container. This flow of water therefore represents the flow of anaesthetic into the lungs in the inspired ventilation. The lung container still has a ventilation pipe connected to it, but this now represents only the expired alveolar ventilation, V AE . Its end is open, so water flows out at a rate of F A V AE , thereby corresponding to the flow of anaesthetic out of the lungs in the expired ventilation. Figure 2 depicts the condition before the anaesthetic has started: the on-off tap is closed and both ventilation pipes are the same width as the single pipe in figure 1 . When an inhalation anaesthetic is used at low concentrations, the rate of uptake by solution is always small, so there is a negligible change in the ventilation pipes: the analogue in figure 2 behaves in the same way as that in figure 1 which is therefore adequate for low inspired concentrations. However, when the anaesthetic is nitrous oxide at a high concentration, the rate of uptake soon becomes large and a substantial difference develops between the widths of the two ventilation pipes. It is from this difference that the concentration and second-gas effects arise (see below).
Results
THE CONSTANT-INFLOW CASE
If inspired ventilation is held constant, as is the case with most automatic lung ventilators, the width of the inspired ventilation pipe is fixed at that shown in figure 2 ; therefore, neglecting any small change in FRC, the width of the expired ventilation pipe must decrease. This is illustrated in figure 3A where the normal, pre-anaesthetic width of the expired ventilation pipe is indicated by a dotted line. Thus as the rate of removal of gas volume from the lungs by solution rapidly increases to its peak during induction, and then declines with approach to equilibrium, so the expired ventilation pipe must first contract to a corresponding extent, and then gradually re-expand to equal the inspired ventilation pipe in width when uptake ceases-very difficult to accomplish in an actual water analogue, but perfectly straightforward in a thought experiment.
Thus in this constant-inflow case, the inspired ventilation pipe in figure 3A remains the same width as that in figure 2 , and hence the same as the common inspired-expired ventilation pipe of figure 1 ; therefore, inflow of anaesthetic to the lungs is the same in figure 3A as in figure 1 . However, loss of anaesthetic in expired ventilation is less in figure 3A because of its narrowed expired ventilation pipe. Therefore, the alveolar concentration increases more rapidly (the lower water level (dotted ellipse) corresponds to that shown in fig. 1 ) and so does the rate of uptake from lungs to tissues; this leads to more rapid induction and a more rapid approach to equilibrium. Furthermore, the greater the inspired concentration, the greater the rate of uptake, the greater the narrowing of the expired ventilation pipe, the less the loss of anaesthetic and the faster the approach to equilibrium. The concentration effect is thereby reproduced in the water analogue.
THE CONSTANT-OUTFLOW CASE
If the expired ventilation is held constant (as a spontaneously breathing patient needs to do to maintain elimination of carbon dioxide, or as could be done by a ventilator with Servo control of the expired tidal volume) then it is the width of the expired ventilation pipe which is fixed at that shown in figure 2, while the inspired ventilation pipe progressively widens as the rate of uptake by solution increases to its peak ( fig. 3B) . Therefore, loss of anaesthetic in expired ventilation is the same in figure 3B as in figure 1 , but the supply in the inspired ventilation is greater in figure 3B . Therefore, again, the alveolar concentration increases more rapidly, the rate of uptake into the tissues increases more rapidly and equilibrium is approached Figure 2 The basic water analogue, pictured before the anaesthetic has started and elaborated to represent inspired and expired alveolar ventilation separately. The inspired and expired ventilation pipes both have the same dimensions as the single inspired/expired ventilation pipe in figure 1 (both represent an alveolar ventilation of 4 litre min 91 ); therefore, as drawn, this analogue would function in the same way as that in figure 1 . However, the separate pipes make it possible to represent a difference between inspired and expired alveolar ventilations when the volume rate of uptake of anaesthetic from lungs to tissues becomes appreciable. more rapidly than in figure 1 . Also, again, the greater the inspired concentration, the greater the rate of uptake; so here the greater the widening of the inspired ventilation pipe, the faster the approach to equilibrium. The concentration effect is thereby again reproduced.
In addition, the extra inflow of anaesthetic in this constant-outflow case is, for any given rate of uptake by solution, proportional to the inspired concentration, whereas the reduction in loss in the constantinflow case is, again at any given rate of uptake, proportional to the alveolar concentration. Therefore, during induction (F A less than F I ), at any given rate of uptake, the excess net inflow with the figure 3 model, over that of the figure 1 model, is greater in the constant-outflow case ( fig. 3B ) than in the constantinflow case ( fig. 3A ). This in turn leads to a more rapid increase in alveolar concentration in the constant-outflow case and therefore there is an even greater net inflow than in the constant-inflow case. Thus as deduced from the enhanced rectangle diagram, 6 the concentration effect is more marked in the constant-outflow case than in the constant-inflow case. This is reflected in the higher level of water in the lung container in the constant-outflow case. (As in fig. 3A , the lower water level (dotted ellipse) corresponds to that in fig. 1 .)
It is apparent that figure 2 incorporates the concentration effect into the water analogue in a simple manner: when the figure is used to simulate different inspired concentrations by making appropriate changes in the scaling factors, just as was done in changing from 1% to 70% nitrous oxide in relation to figure 1, no changes are required to the containers or to the blood flow pipes; it is sufficient to make the appropriate changes to one of the ventilation pipes as exemplified in figure 3 .
THE SECOND-GAS EFFECT
When two agents are used simultaneously, two versions of the water analogue are required: each must be scaled according to the solubility in blood and tissues of the agent represented, but both must be scaled also according to the physiological characteristics of the one patient-body mass, alveolar ventilation, and so on. In ventilation, the matter of solubility does not arise; therefore, the ventilation pipes are identical in the two analogues. Suppose that one agent is nitrous oxide at a high concentration and the other a volatile agent at low concentration. This is illustrated in figure 4 for the constant-inflow case, with isoflurane as the volatile anaesthetic. Although the inspired concentration of isoflurane would be much less than that of nitrous oxide, the same height has been used for both mouth containers. This simply implies the use of different appropriate scaling factors for the two analogues, as was done in making figure 1 and 2 represent 1% or 70% nitrous oxide. The water levels in the lung and tissue containers of each analogue represent the partial pressures there as fractions of the relevant inspired partial pressure.
In figure 4 the large volume rate of uptake of nitrous oxide has made the expired ventilation pipe of both analogues contract; therefore, there is less loss of the volatile anaesthetic than if it were present on its own. In the constant-outflow case (not illustrated) the inspired ventilation pipe of both analogues would be enlarged by the uptake of nitrous oxide; therefore, there would be a greater inflow of the volatile anaesthetic than if it were present on its own. Thus, in both cases, uptake of the volatile, the "second gas", is facilitated by the effect of the uptake of nitrous oxide on ventilation, that is, the water analogue of figure 2 allows the second-gas effect to be reproduced. 1 and 2 ; the inspired alveolar ventilation has been increased by the volume rate of uptake; again, the dotted line indicates the normal width of the pipe. Both parts of the figure illustrate the conditions after 1 in of administration of 70% nitrous oxide when the rate of uptake by solution is near its peak (approximately 1 litre min 91 ) so that in (A), the expired alveolar ventilation is 3 litre min 91 and in (B), the inspired alveolar ventilation is 5 litre min 91 . The difference in width between the inspired and expired ventilation pipes has been exaggerated deliberately to make it more obvious. Note that the water level in the lung container (upper, broken ellipse) is greater with constant outflow (B) than with constant inflow (A) and, in both cases, is greater than in figure 1 (lower, dotted ellipse) where the uptake by solution was ignored, which is permissible with low inspired concentrations. Rates of uptake and water levels (concentrations) were calculated using the computer model of figure 1 adapted to take account of the uptake by solution for each case.
Discussion
EFFECTS WITH OTHER ANAESTHETICS
In the argument above, the concentration and second-gas effects have been presented in terms of nitrous oxide. The effect still occurs with xenon and desflurane, but to a lesser extent. Xenon needs to be used in similar concentrations but has only one-third the solubility of nitrous oxide in blood 14 15 ; desflurane has similar solubility 16 but is used at no more than one-quarter of the concentration. Historically, the effects were large with diethyl ether 17 because its very high solubility in blood, approximately 25 times that of nitrous oxide, 14 more than compensated for the lower concentrations used.
COMPARISON BETWEEN THE WATER-ANALOGUE-BASED AND RECTANGLE-DIAGRAM-BASED EXPLANATIONS
The above argument shows how the improved form of the water analogue in figure 2 leads, through figures 3 and 4 , to an explanation of the concentration and second-gas effects; but how does this relate to the notably different approach 6 based on Stoelting and Eger's rectangle diagram? 5 In reality, gas flows into the lungs continuously during all or most of the inspiratory phase of ventilation, and it flows out of the lungs continuously, usually during most or all of the expiratory phase. Meanwhile, during induction and maintenance of anaesthesia, uptake of inhaled anaesthetic by solution in blood flowing through the lungs occurs continuously throughout the whole of the respiratory cycle. Consequently, the inspired tidal volume is greater than the expired, and inspired ventilation is greater than expired ventilation. (Remember that "ventilation" is the inspiratory or expiratory flow averaged over the whole of the respiratory cycle.) It is this difference between inflow and outflow which leads to the concentration and second-gas effects.
The rectangle-diagram-based explanations of these effects have simplified this reality into a discrete, breath-by-breath model in which each breath is composed of four separate phases: inspiration (with no uptake); mixing of inspired gas with gas in the FRC (with no change in volume); uptake by blood (with contraction of lung volume but no inspiration or expiration); and expiration (with no uptake). Therefore, these explanations are in terms of volumes: tidal volumes and uptake volume per breath. The water analogue simplifies reality to the opposite extreme: inspiration, expiration and uptake into the blood are all continuous and simultaneous. Therefore, explanations of the concentration and second-gas effects are in terms of flows: inspired and expired ventilations and rates of uptake.
In rectangle-diagram-based explanations, the concentration and second-gas effects are seen to arise from the need to conserve volume: volume inspired equals volume taken up plus volume expired (plus or minus any decrease or increase in FRC, which is usually taken to be zero). In water-analogue-based explanations the effects are seen to arise from the need to conserve flow: inspired ventilation equals expired ventilation plus rate of uptake (plus or minus any rate of change in FRC).
The merit of the water analogue is that it provides something very close to a one-to-one correspondence between itself and the physiology of the body combined with the physicochemistry of the anaesthetic. Its limitation is that, in thought experiments, its predictions are only qualitative. The merit of the rectangle-based approach is that it can be quantitative-for a single breath, and given specified initial conditions. Its limitation is perhaps that it has to be presented in terms of numerical examples.
Perhaps the most striking difference in the detail of the two approaches is as follows. In the rectangle diagram, both effects are seen to arise from a concentrating effect. In the water analogue, the only circumstance where this would occur is in airway obstruction, or if the patient were assumed to be connected to a ventilator which forced the inspired and Figure 4 A pair of water analogues for the simultaneous administraton of (A) nitrous oxide and (B) isoflurane. The conditions are assumed to be otherwise as in figure 3A (the constant-inflow case with alveolar ventilation:4 litre min 91 inspired, 3 litre min 91 expired). The concentration of isoflurane would be much less than that of nitrous oxide but, in accordance with custom, 7-9 the containers are the same height for both anaesthetics. This is because the height of each mouth container simply corresponds to the inspired concentration, and therefore to the inspired partial pressure, whatever that may be; and the water levels in the lung and tissue containers represent the partial pressures there as fractions of that inspired partial pressure. Note that the reduced expired alveolar ventilation (because of the large volume uptake of nitrous oxide) applies to the isoflurane analogue in addition to that for nitrous oxide. Therefore there is less loss of isoflurane in expired gas than there would be for isoflurane on its own, when the expired alveolar ventilation pipe would be the same width as the inspired one (as indicated by the dotted line). The figure illustrates the condition after 1 min of administration of 70% nitrous oxide plus 2% isoflurane; the lower, dotted ellipse in each container indicates the water level (partial pressure) which would exist if the inspired nitrous oxide concentration were only a few percent, that is with no concentration or second-gas effect. expired ventilations to be equal. In either case, uptake of nitrous oxide would result in a reduction in FRC which would be represented by the lung container shrinking laterally, thereby raising the level of the contained water. This would correspond to increasing the alveolar concentration of the anaesthetic represented-a concentrating effect.
ALTERNATIVE METHODS OF INCORPORATING THE CONCENTRATION AND SECOND-GAS EFFECTS IN THE WATER ANALOGUE
There has been one previous attempt at incorporating the concentration and second-gas effects into the water analogue. 8 This retained the common inspired-expired ventilation pipe but added a second mouth container and pipe above the main one, as in figure 5 . For the constant-outflow case ( fig. 5A ) the head of water in the extra container is the same as in the main mouth container (corresponding to the inspired concentration); the extra pipe, which discharges into the lung container, represents only the flow of gas needed to compensate for the rate of gasvolume uptake by solution. Thus the pipe expands from zero width to a maximum as the rate of uptake increases to its peak, and then gradually contracts down towards zero as equilibrium is approached. Figure 5A is effective in specifically drawing attention to the extra inflow but it is a less direct representation of reality than figures 2 or 3.
For the constant-inflow case, it should be noted that figure 1 represents an expired ventilation equal to the inspired ventilation, whereas the former should be less than the latter by the rate of uptake by solution. The rate of loss of anaesthetic in expired ventilation is therefore too great in figure 1 by an amount equal to this volume rate of uptake multiplied by the alveolar concentration (as a fraction of an atmosphere). This excess loss is compensated in fig- ure 5B by using an extra pipe to represent, as before, the rate of uptake by solution, but making the height of the extra mouth container correspond to the (continuously changing) alveolar concentration instead of to the inspired concentration.
The one merit of retaining the common ventilation pipe, and adding an additional rate-of-uptake pipe (with additional mouth container) is that the only apparent difference between the constant-inflow and constant-outflow cases is the height of water in the extra mouth container; this corresponds to the inspired concentration in the constant-outflow case ( fig. 5A ) and to the alveolar concentration in the constant-inflow case ( fig. 5B ). This makes it very clear that the concentration and second-gas effects are more marked in the constant-outflow case. However, this clarity is bought at the cost, in the constantinflow case, of first grappling with the idea of overrepresenting loss in the expired ventilation and then compensating for that by an extra inflow of anaesthetic in an additional inspired-only ventilation.
To represent the second-gas effect by this alternative method would require a separate analogue for each agent, much as in figure 4 . The blood-flow pipes and the tissue containers would be characteristic of each agent, but the common, inspired-expired ventilation pipe and the extra inflow pipe would be the same width for both agents. The extra inflow pipes would each represent the sum of the volume rates of uptake by solution of the two agents (here dominated by the uptake of nitrous oxide); each extra mouth container would have a height corresponding to the particular inspired or alveolar concentration for the constantoutflow and constant-inflow cases, respectively.
All the methods described so far for representing the concentration and second-gas effects in the water analogue involve continuously varying the width of fig. 3 .) The common alveolar ventilation pipe represents the initial, pre-anaesthetic alveolar ventilation (4 litre min 91 ) as in the basic water analogue of figure 1 ; the additional narrow pipe represents the extra inspired-only alveolar ventilation needed to compensate for the rate of uptake by solution (approximately 1 litre min 91 at 1 min as in figures 3 and 4) . The height of the additional overflowing container is the same as that of the mouth container, that is it corresponds to inspired concentration. This figure is similar to figure 3B except that the extra inspired alveolar ventilation is shown separately, instead of being accommodated by widening the separate inspired-ventilation pipe. B: Constant-inflow case. The features are similar to the constant-outflow case but the height of the extra overflowing container is now the same as the height of water in the lung container, that is it corresponds to alveolar concentration. The additional flow of water into the lung container, again approximately 1 litre min 91 , compensates for an excessive loss in the mouth-lung pipe (see text), which is prevented in figure 3A by a narrowing of the expired ventilation pipe. As in figures 3-4 , the lower, dotted ellipses indicate the levels in the absence of the concentration effect.
one of the ventilation pipes in accordance with the varying rate of uptake by solution. This is perfectly satisfactory in a thought experiment, but impractical in a physical analogue. Before digital computers became available, there was a need to incorporate these effects in an electric analogue for the purpose of computation. 17 18 Then the problem was solved by showing that the concentration effect was mathematically equivalent to a reduction in solubility in blood and tissues, and by finding a practical method of implementing this when setting up the analogue for any particular computation.
Some such arrangement might be useful to demonstrate the effects in a physical water analogue but such a model would not aid the understanding of how the effects arise. However, in a computer graphics simulation of the water analogue, it would be perfectly practicable to incorporate the necessary continuous variation in the width of a ventilation pipe and in the water levels in the lung and tissue containers. This would simultaneously explain and demonstrate the concentration and second-gas effects.
We conclude that the water analogue is a valuable tool for teaching and the basic form ( fig. 1 ) is adequate to explain most features of the pharmacokinetics of inhaled anaesthetics. When the concentration and second-gas effects are to be explained, one of the modifications described here is required. We believe that the version shown in figure 2 , as elaborated in figures 3 and 4 (devised, and used for the past 10 yr, by one of us-W. W. M.), provides the most realistic and helpful explanation.
